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Eukaryotic ceils use numerous endo- 
cytic pathways for nutrient uptake, 
protein turnover and response to the 
extracellular environment. While clath- 
rin-mediated endocytosis (CME) has 
been extensively studied in yeast and 
mammalian cells, recent studies in higher 
eukaryotes have described multiple clath- 
rin-independent endocytic pathways that 
depend upon Rho family GTPases and 
their effector proteins. In contrast, yeast 
cells have been thought to rely solely on 
CME. In a recent study, we used CME- 
defective yeast cells lacking clathrin- 
binding endocytic adaptor proteins in a 
genetic screen to identify novel factors 
involved in endocytosis. This approach 
revealed the existence of a clathrin-inde- 
pendent endocytic pathway involving the 
GTPase Rhol, which is the yeast homo- 
log of RhoA. Further characterization 
of the yeast Rhol-mediated endocytic 
pathway suggested that the Rhol path- 
way requires additional proteins that 
appear to play conserved roles in RhoA- 
dependent, clathrin-independent endo- 
cytic pathways in mammalian cells. Here, 
we discuss the parallels between the yeast 
Rhol-dependent and mammalian RhoA- 
dependent endocytic pathways, as well as 
the applications of yeast as a model for 
studying clathrin-independent endocyto- 
sis in higher eukaryotes. 

Introduction 

Endocytosis is an important process in 
eukaryotic cells for nutrient uptake and 
for regulation of cell size and plasma 
membrane composition. All classes of 
eukaryotes use endocytic pathways that 



ultimately result in sorting and concen- 
tration of endocytic cargos followed by 
membrane deformation, invagination and 
scission at the eventual site of internal- 
ization. Clathrin-mediated endocytosis 
(CME), in which clathrin coat assem- 
bly stabilizes membrane curvature, is the 
best-characterized endocytic pathway, and 
has been studied extensively in yeast and 
mammalian cells. ''^ These studies revealed 
that CME involves a large number of con- 
served proteins whose ordered and sequen- 
tial recruitment is critical for completion 
of an endocytic event. 

During early stages of CME, adaptor 
proteins serve as key connectors, linking 
lipids and cargo proteins with clathrin and 
other components of the CME machin- 
ery.'' As the clathrin-coated pit matures, 
actin nucleation-promoting factors medi- 
ate the formation of an Arp2/3-dependent 
network of branched actin filaments that 
provide forces to facilitate membrane 
invagination.''^ The requirement for 
actin polymerization in CME has been a 
source of controversy, and likely depends 
on numerous factors such as cell type and 
membrane contacts. In mammalian cells, 
actin dynamics facilitate, but are gener- 
ally not required for CME in unpolar- 
ized cells and at the basolateral surface 
of polarized epithelial cells.^ In contrast, 
actin is required at the apical surface of 
polarized cells and for internalization of 
clathrin-coated "plaque" structures that 
are larger than a canonical clathrin-coated 
pit (which has a diameter of approximately 
200 nm).*" Unlike mammalian cells, actin 
polymerization is essential for endocytosis 
in yeast, and overcomes the high turgor 
pressure and membrane tension in yeast 
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cells. ''^'^'^ The apical surface of polarized 
cells is also a region of high membrane 
tension, which may explain the similar 
requirement for actin at this site. 

In addition to CME, numerous 
clathrin-independent endocytosis (CIE) 
mechanisms have been described. CIE 
pathways include internalization through 
phagocytosis, macropinocytosis, caveolae 
and the CLIC/GEEC pathway (clath- 
rin- and dynamin-independent carrier/ 
glycosylphosphatidylinositol-anchored 
protein-enriched early endosomal com- 
partment), as well as through several 
poorly-characterized pathways that 
involve small GTPases of the Rho (RhoA, 
Racl and Cdc42) and Arf (Arf6) families.' 
Similar to CME, actin dynamics can con- 
tribute to CIE pathways; thus, the known 
function of Rho family GTPases as regu- 
lators of actin cytoskeleton remodeling 
likely plays an important role during CIE. 

Although CIE pathways were initially 
described in vertebrate cells, recent stud- 
ies demonstrated the existence of at least 
some CIE pathways in other model organ- 
isms including Caenorhabditis elegans, 
Drosophila melanogaster, Dictyostelium 
discoideum and plant cells; thus, CIE 
mechanisms are present throughout evo- 
lution.'"''^ Notably, CIE had not been 
described in fungi, including the bud- 
ding yeast Saccharomyces cerevisiae. Even 
though clathrin is not absolutely required 
for endocytosis in yeast, residual function 
of the remaining CME machinery was 
thought to account for the approximately 
30% level of endocytosis remaining in 
clathrin-deficient cells. ^•''' The presumed 
lack of CIE in yeast has raised questions 
about the general relevance of yeast as a 
model for understanding endocytosis. 
However, our recent study uncovered an 
endocytic pathway in yeast that relies 
upon the GTPase Rhol (the yeast homo- 
log of RhoA), and functions in the absence 
of clathrin and other CME components, 
suggesting that CIE does exist in yeast." 
Here, we discuss the similarities between 
yeast and mammalian Rhol/RhoA- 
dependent CIE pathways and implications 
for yeast as a model system for genetic and 
molecular characterization of conserved 
CIE components. We also speculate about 
the functional significance of the Rhol- 
dependent endocytic pathway. 



A Rho1 -Dependent CIE Pathway 
in Yeast Cells 

As a model for cells defective in CME, 
we previously developed a mutant yeast 
strain lacking four functionally redundant 
clathrin-binding endocytic adaptors: the 
epsins Entl and Ent2 and the AP180/ 
CALM homologs YaplSOl and Yapl802."' 
Quadruple entlH^ ent2l\ yaplSOlL 
yapl802l\ adaptor mutant cells (termed 
4A) require an epsin N-terminal homol- 
ogy (ENTH) domain from Entl or Ent2 
for viability; the ENTH domain binds to 
membranes and recruits Cdc42 GTPase- 
activating proteins (GAPs), but is not 
sufficient for endocytosis.'^ 4A+ENTH1 
adaptor mutant cells (ENTHl denotes the 
ENTH domain of Entl) have phenotypes 
including defective internalization of 
endocytic cargos, aberrant CME machin- 
ery dynamics and temperature-sensitive 
growth defects. CME is restored in 4A 
cells expressing any of the four full-length 
adaptor proteins, provided that an ENTH 
domain is present (e.g., expression of full- 
length Ent2 alone is viable, but full-length 
YaplSOl requires co-expression of an 
ENTH domain). 

In our recent study, we performed 
a multicopy suppressor screen in 
4A+ENTH1 cells to identify genes whose 
overexpression could promote endocyto- 
sis under conditions of defective CME." 
We initially predicted three classes of sup- 
pressor genes: (1) novel clathrin-binding 
adaptors, (2) genes that could bypass the 
requirement for adaptor proteins in CME 
or (3) genes involved in a clathrin-inde- 
pendent endocytic pathway. Although 
we have not yet identified any genes that 
clearly fall into the first two categories, we 
identified three genes that act in a signal- 
ing cascade involved in responses to cell 
wall damage: the stress sensor MIDI, the 
Rhol guanine nucleotide exchange factor 
(GEE) ROMl, and the GTPase RHOL 
Mid2 responds to cell wall damage by 
binding directly to the Rhol GEE Rom2, 
and presumably also to the related GEE 
Roml." Recruitment of Roml/2 mediates 
localized activation of Rhol to elicit cell 
wall repair and actin remodeling through 
the action of Rhol effectors.^" The yeast 
genome encodes six Rho family GTPases 
(Rhol, Rho2, Rho3, Rho4, Rho5 and 



Cdc42); however, only multicopy Rhol 
promoted endocytosis in 4A+ENTH1 
cells (Fig. lA and B). Although this find- 
ing suggests that other Rho GTPases do 
not contribute to endocytosis in yeast, it 
should be noted that overexpression may 
not result in sufficient levels of activation 
for these GTPases. 

A previous study described a role for 
Rhol in endocytosis through the tar- 
get of rapamycin complex 2 (TORC2), 
Rom2 and the |3-glucan synthase subunit 
Fksl, which is a Rhol effector."' However, 
the TORC2-Rhol pathway likely acts 
through CME, since Fksl interacts with 
components of the CME machinery.^" 
In contrast, the Rhol endocytic pathway 
uncovered in 4A+ENTH1 cells required 
the formin Bnil, which is also a Rhol 
effector, as well as the Bnil-binding pro- 
teins Spa2 and Bud6 that are subunits of 
the polarisome complex involved in cell 
polarity (Fig. 2)." Bnil promotes incorpo- 
ration of profilin-bound actin monomers 
into unbranched actin filaments; these fil- 
aments are bundled via the action of other 
proteins into cables that mediate vesicle 
and organelle delivery to sites of polarized 
growth. 

None of the proteins involved in Rhol- 
mediated endocytosis are known to local- 
ize to cortical actin patches, which are the 
sites of CME in yeast, suggesting that the 
Rhol pathway components we are study- 
ing do not participate directly in CME. 
A possible exception is Mid2, which is 
broadly distributed across the plasma 
membrane, but is not concentrated in 
CME sites. As evidence that the Rhol 
pathway does not require intact CME 
machinery, we found that Rhol path- 
way components promoted endocytosis 
in several CME-deficient backgrounds 
other than 4A+ENTH1, including cells 
lacking clathrin heavy chain (chclbi), the 
yeast homolog of the Arp2/3-activating 
Wiskott-Aldrich syndrome protein WASp 
{lasUt^ or the branched actin-stabilizing 
proteins Sac6/fimbrin and Scpl/transge- 
lin {sac6L scplb)P Combined with our 
observation that Rhol pathway compo- 
nents restored endocytosis but did not cor- 
rect defective protein dynamics at cortical 
actin patches, these data led us to propose 
that the Rhol pathway is the first-known 
CIE mechanism in yeast. 
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Figure 1. Forfigure legend, see page 232. 
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Figure 1 (see previous page). Specificity for Rhol as a high-copy suppressor of endocytic defects in 4A+ENTH1 cells. (A) Wild-type (WT), 4A4-Entl 
and 4A4-ENTH1 cells expressing Ste3-GFP were transformed with empty vector or high-copy plasmids containing RHOl, RH02, RH03, RH04, RH05, or 
CDC42 to overexpress individual Rho GTPases as indicated. Cells were imaged by fluorescence microscopy to visualize SteB-GFP, the a-factor mating 
pheromone receptor that is constitutively internalized and targeted to the vacuole in WT cells, but is partially retained at the plasma membrane when 
endocytosis is disrupted. (B) WT, 4A4-Ent1 and 4A4-ENTH1 cells expressing Ste3-pHluorin were transformed as described in panel A, and SteB-pHluorin 
fluorescence intensity was quantified, with intensity values corrected for cell size. We recently developed a method for quantification of endocytosis 
in yeast cells using super-ecliptic pHluorin as a pH-sensitive GFP variant that becomes quenched in the acidic vacuole, allowing measurement of only 
fluorescently-tagged cargos that are outside of the vacuole.'* While cells with intact CME (WTand 4A4-Ent1) are dim because SteS-pHluorin is mainly 
localized in the vacuole, cells with defective CiVlE (4A-KENTH1) are comparatively bright because a significant population of Ste3 is retained at the cell 
surface. Values are presented as mean ± SEIVI from a minimum of 30 cells per condition, and statistical significance was assessed by one-way ANOVA 
with Neuman-Keuls post hoc analysis (*** p < 0.001 compared with 4A-I-ENTH1 -i- vector). All strains used in this analysis were described previously.''' 
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Figure 2. Model of clathrin-mediated and Rhol -mediated endocytic pathways in yeast. Although many proteins contribute to CME which occurs at 
cortical actin patches (left), the model is simplified to display proteins that are critical for functional CIVIE but that we have found are not required for 
endocytosis in the presence of high-copy components of the Rhol pathway. CME components that are not required for Rhol -mediated endocytosis 
include coat proteins (clathrin and the adaptors Enti, Ent2, YaplSOl and Yap1802), the Arp2/3-activating WASp homolog Las17, and the branched 
actin-bundling proteins Sac6/fimbrin and Scpl/transgelin. Components of the Rhol pathway (right) do not localize to cortical actin patches, and are 
thought to act independently of the CME machinery. The Rhol pathway ultimately promotes extension of tropomyosin-stabilized unbranched actin 
filaments through the activity of the formin Bnil, although how membrane deformation is achieved at sites of Rhol -mediated endocytosis is currently 
unclear. 
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Similarities Between 
the Yeast Rho1 Pathway 
and IVIammalian RhoA-Dependent 
Endocytic IVIechanisms 

Rhol is the yeast homolog of mamma- 
lian RhoA, which is similarly involved 
in formin activation and formation of 



unbranched actin stress fibers. RHOl is 
an essential gene in yeast; however, het- 
erologous expression of human RhoA 
in rholA cells permits growth under 
some conditions, suggesting that human 
RhoA can fulfill some functions of yeast 
Rhol.^' It is thus possible that Rhol- 
mediated endocytosis in yeast bears 



similarity to RhoA-dependent endocyto- 
sis in mammalian cells, and that Rhol/ 
RhoA-dependent endocytic pathways are 
conserved through evolution. RhoA is 
implicated in CIE in mammalian cells, 
where it contributes to phagocytosis and 
to an additional poorly characterized CIE 
pathway (Table l).^*'^^ 
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Table 1. Comparison of shared components of the known Rhol/RhoA endocytic pathways 





Yeast Rho1 pathway^^ 


RhoA-dependent phagocytosis 


Mammalian RhoA- 
dependent CIE^' 1 


u 1 rase^s^ 
involved 


Rhol 


RhoA (other phagocytic pathways 
use Raci and/or Cdc42) 


RhoA 


GEF(s) involved 


Romi, Rom2 


various, including Vavl and Vav3^° 


' 1 


formin require- 
ment 


Bnil (diaphanous-related formin) 


mDial, mDia2 (diaphanous-related 
formins)^"' 


7 


dynamin 
involvement 


vps 1 ; (vpsiiA IS letnai in 4Zi-t-tiN i n i cells, out wnetner letnaiity 
is linked to endocytosis is unclear) 


Dynamin-2'^ 


Dynamin-1 


integrin 
involvement 


Mid2? (integrin-like, with a heavily glycosylated ectodomain 
and a short cytoplasmic domain that signals to the cell interior) 


subunit {afi^ and a^^^ integrins), 
subunit (a^jPj)"'^'''" 


7 


polarity 
proteins 


polarisome complex (Spa2, Bud6 and Bnil subunits) 


7 


7 


cargo/receptor 


7 


various receptors, including integrins 


interleukin 2 receptor 
(IL2R) 



In our characterization of the yeast 
Rhol pathway, we identified additional 
components that share similar features with 
known proteins involved in both mamma- 
lian RhoA-dependent endocytic pathways, 
suggesting that there are parallels between 
the different pathways. For example, Mid2 
is an integrin-like cell surface protein 
that recruits Roml and Rom2 in yeast 
cells, while and integrins recruit 
RhoA GEFs such as Vavl and Vav2 dur- 
ing phagocytosis. Furthermore, yeast 
Rhol-mediated endocytosis requires actin 
dynamics furnished by the formin Bnil, 
while mammalian phagocytosis similarly 
relies on the formins mDial and mDia2; 
Bnil, mDial and mDia2 all belong to the 
diaphanous-related family of formins. 

While dynamin-2 is implicated in 
phagocytosis and dynamin-1 is a compo- 
nent of the RhoA-mediated CIE pathway, 
a role for the dynamin-like protein Vpsl 
in the yeast Rhol pathway is less clear. ^''■^^ 
Although deletion of VPSl in 4A cells 
expressing full-length Entl or Ent2 is 
viable, vps] A is lethal in 4A+ENTH1 cells 
(our unpublished results). We are hesitant 
to conclude that the requirement for Vpsl 
in adaptor mutant cells is due to a role in 
CIE, since it is possible that the essential 
function of Vpsl is due to other cellular 
functions, including endocytosis at resid- 
ual CME sites. 

We also identified components of the 
polarisome as regulators of Rhol-mediated 



endocytosis in yeast. The polarisome is a 
protein complex involved in establishment 
of polarity and regulation of actin polym- 
erization at sites of polarized growth (i.e., 
the growing bud and mating projection 
tip).'' Polarisome proteins have no clear 
homologs in mammalian cells, and mam- 
malian polarity proteins are not directly 
implicated in RhoA-dependent endocyto- 
sis; however, professional phagocytes must 
be able to detect and move toward invad- 
ing pathogens in order to engulf them, 
and this process likely requires polariza- 
tion of the phagocytic machinery. 

There is currently very little informa- 
tion about the non-phagocytic RhoA- 
dependent CIE pathway in mammalian 
cells. Aside from the requirement for 
RhoA and dynamin-1, the only defin- 
ing feature of this pathway is that it 
internalizes the interleukin-2 receptor 
(IL2R).^'' In contrast, cells use phagocy- 
tosis for uptake of larger objects, where 
actin polymerization drives membrane 
protrusions that facilitate engulfment; 
phagocytosis can be initiated by ligand 
association with a variety of cell surface 
receptors, including integrins. To 
date, we have not identified yeast cargos 
that preferentially internalize through the 
Rhol pathway, but if we succeed, their 
characterization should provide clues to 
whether the yeast pathway more closely 
resembles either phagocytosis or the 
RhoA-dependent CIE pathway involved 



in IL2R uptake. In the event that the 
Rhol pathway is more similar to phago- 
cytosis, it seems likely that there will be 
fundamental differences between the two 
systems, since the rigid cell wall that con- 
strains yeast cells would effectively pre- 
vent membrane protrusion. 

Speculations on the Significance 
of Rho1-IV!ediated Endocytosis 
in Yeast Cells 

Studies of endocytosis in yeast have 
underscored the importance of CME as 
the principal route of entry; thus, the dis- 
covery of a second, clathrin-independent 
endocytic pathway raises questions about 
the relative contributions of CME vs. CIE 
in yeast. All currently known endocytic 
cargos in yeast are internalized through 
the CME pathway, where adaptor pro- 
teins recognize specific peptide sequences 
or ubiquitin modifications on the cyto- 
solic domain of cargos. It is possible that 
a minor population of these cargos nor- 
mally enters through the Rhol pathway; 
however, we have not observed any obvi- 
ous defects in cargo internalization upon 
deletion of components of the Rhol path- 
way. Instead, a comprehensive study of 
potential endocytic cargo proteins in cells 
lacking key components of the CME and 
Rhol pathways might reveal whether spe- 
cific cargos show preference for either of 
the two pathways. 
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As opposed to differences in cargo 
specificity for the CME and Rhol path- 
ways, it is possible that the Rhol pathway 
becomes activated under specific growth 
conditions or during specific stages of 
the cell cycle. Mid2, Roml and Rhol are 
involved in responding to cell wall dam- 
19,20 suggesting that cell wall stress or 
changes in osmotic conditions could trig- 
ger endocytosis via the Rhol pathway. 
Indeed, providing 4A+ENTH1 cells with 
osmotic support improved endocytosis 
in a Rhol pathway-dependent manner." 
Repair of damaged cell wall and/ or plasma 
membrane might necessitate engulfment 
of large portions of the cell surface in a 
manner resembling phagocytosis in other 
cell types. 

It is worth noting that many Rhol 
pathway components (Mid2, Rom2, 
Rhol, Bnil, Spa2 and Bud6) localize 
to sites of cell growth, such as the tip of 
growing buds, the bud neck during cyto- 
kinesis, and to the mating projection tip. 
These sites correspond to regions of rapid 
membrane and cell wall remodeling, and 
endocytosis may be necessary to pro- 
mote protein recycling during budding, 
cell division and mating. Thus, known 
sites of rapid cell growth or membrane 
remodeling are particularly interesting 
as candidate sites for Rhol-mediated 
endocytosis. 

Conclusions and Perspectives 

The discovery of a Rhol-dependent, 
clathrin-independent endocytic pathway 
in yeast provides a useful tool for study- 
ing and characterizing similar pathways in 
other cell types. As a model system, yeast 
allows powerful and rapid genetic charac- 
terization of molecular pathways, many of 
which are conserved through evolution. 
The combination of candidate and screen- 
ing approaches will allow us to identify 
additional components and cargos of 
the Rhol-dependent endocytic machin- 
ery, and findings from yeast studies will 
allow a more complete characterization of 
RhoA-dependent CIE pathways in mam- 
malian cells. 
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